Proneuropeptides are packaged into dense-core vesicles in which they are processed into active peptides by copackaged enzymes. Proprotein convertases (PCs) cleave precursors after dibasic residues, and carboxypeptidases remove basic residues from the C terminals. We show here that the Caenorhabditis elegans egl-21 gene encodes a protein that is very similar to carboxypeptidase E (CPE) and is broadly expressed in the nervous system. Mutants lacking either egl-21 CPE or egl-3, which encodes the C. elegans ortholog of PC type 2 (PC2), were defective for processing endogenously expressed FMRFamide (Phe-Met-Arg-Phe-NH2)-related peptides (FaRPs). Mutants lacking the unc-104 kinesin motor protein were defective for anterograde movement of dense-core vesicle components, including egl-3 PC2, egl-21 CPE, and FaRPs. We provide evidence that egl-3 PC2 and egl-21 CPE mutants have diminished acetylcholine release at neuromuscular junctions (NMJs). Taken together, these results suggest that egl-21 CPE and egl-3 PC2 process endogenous neuropeptides that facilitate acetylcholine release at C. elegans NMJs.
Introduction
Neuropeptides represent an extensive and diverse set of neuronal and endocrine chemical transmitters. Although neuropeptides and classical neurotransmitters are secreted by a similar calciumdependent mechanism, the mechanisms by which neuropeptides are synthesized and packaged into vesicles are quite distinct. Classical transmitters are packaged in small, clear, synaptic vesicles that are clustered near release sites, whereas large dense-core vesicles filled with neuropeptides are seen throughout the presynaptic compartment. Neuropeptides are initially synthesized as large preproteins that are packaged into dense-core vesicle precursors in the trans-Golgi network. Once packaged, proneuropeptides are subsequently processed into active forms by copackaged enzymes. Two critical processing steps are proteolytic cleavage after dibasic residues by proprotein convertases (PCs) and removal of the dibasic residues from the C terminals of the cleaved peptides by carboxypeptidases. The Caenorhabditis elegans unc-104 kinesin motor protein, and its mouse ortholog (KIF1A), are required for anterograde transport of small synaptic vesicle precursors (Hall and Hedgecock, 1991; Yonekawa et al., 1998) , whereas the anterograde motor for dense-core vesicle precursors has not been identified.
Secretion of neuromodulatory peptides has often been proposed as a mechanism for regulating synaptic efficacy and producing adaptive changes in behavior; however, genetic studies of neuropeptide function have focused primarily on endocrine functions of these peptides. The fat/fat mutant mouse lacks carboxypeptidase type E (CPE) activity, develops late onset obesity, is sterile, and accumulates C-terminally extended neuroendocrine peptides (Naggert et al., 1995; Fricker et al., 1996; Rovere et al., 1996; Cain et al., 1997; Lacourse et al., 1997 Lacourse et al., , 1998 Udupi et al., 1997; Friis-Hansen et al., 2001 ). Loss of PC type 2 (PC2) function in mice produces a similar accumulation of proinsulin, proglucagon, and prosomatostatin (Furuta et al., 1997; Westphal et al., 1999) . Deletions of the Drosophila PC2 (amontillado) or neuropeptide amidating enzyme (PHM ) result in embryonic lethality, which are caused by defects in hatching behavior for amontillado and molting defects for PHM (Siekhaus and Fuller, 1999; Jiang et al., 2000) . Mutations in the Drosophila silver gene, orthologous to carboxypeptidase D, cause cuticular defects (Settle et al., 1995) . In Drosophila and C. elegans, FMRF (Phe-Met-ArgPhe)-related peptides (FaRPs) have been implicated in regulating several behaviors (Hewes et al., 1998; Nelson et al., 1998) . In Drosophila, the pdf neuropeptide is required for producing behavioral circadian rhythms (Renn et al., 1999) , whereas amnesiac has been implicated in learning and alcohol intoxication (Feany and Quinn, 1995; Moore et al., 1998) . Given the diversity of neuropeptides, much remains to be learned about how these peptides regulate behavioral circuits.
To further study the role of neuropeptides in modulating synaptic transmission and behavior, we have analyzed mutations in two C. elegans neuropeptide processing enzymes. We showed previously that the egl-3 gene encodes the C. elegans ortholog of PC2 and that egl-3 PC2 regulates mechanosensory behaviors (Kass et al., 2001 ). Here we show that the egl-21 gene encodes a protein that is very similar to CPE, and we describe the effects of egl-21 mutations on processing of endogenous neuropeptides and on locomotion behavior.
Materials and Methods

Strains
Strain maintenance and genetic manipulation were performed as described (Brenner, 1974) . Animals were cultivated at 20°C, unless noted otherwise. The animals described as wild type were C. elegans, variety Bristol, strain N2. The following strains were used in this work : egl-21(n476), egl-21(n576), egl-3(nr2090), egl-3(nu349), unc-104(e1265) , and nuIs93 [a transgenic strain expressing green fluorescent protein (GFP)-tagged synaptobrevin (SNB) in ventral cord motor neurons].
Positional cloning of egl-21
Mapping data. The alleles n476 and n576 were isolated in a genetic screen for egg laying-defective mutants (Trent et al., 1983) . We mapped egl-21 to a small region on the right arm of chromosome IV. A cosmid clone (F01D4) from this region corrected the defecation defect of egl-21 mutants in transgenic animals (data not shown).
Sequencing of egl-21 alleles. Sequence changes in mutant alleles were determined by amplifying exons and exon-intron boundaries from mutant strains and direct sequencing of the amplified products by cycle sequencing. Mutations found in each allele are indicated in Figure 1 .
RT-PCR of cDNA. The EGL-21 CPE exons and introns depicted in Figure 1 were determined by sequencing of cDNA generated by RT-PCR with RNA isolated from wild-type animals.
Transgenes and germline transformation
Plasmids were constructed by standard techniques, and sequences were verified when appropriate; full details are available on request. Transgenic animals were constructed by coinjecting each transgene with ttx-3::gfp (at concentrations of 50 -100 g/ml) as a marker (O. Hobert, Columbia Presbyterian, New York, NY). For each array, at least three transgenic lines were obtained, and data from a representative line are shown. Plasmids and transgenic strains were constructed as follows.
egl-21 constructs
Three plasmid subclones were shown to rescue all behavioral defects caused by egl-21(n476 ): KP#701, KP#702, and KP#867. KP#701 is an egl-21 genomic construct that contains nucleotides 24612-31161 of the cosmid F01D4 and spans the egl-21 coding region, 1.3 kb of promoter region and 2.2 kb of the 3Ј-untranslated region. KP#702 is the egl-21 genomic construct with GFP inserted in-frame between codons 30 and 31 of KP#701. Different promoters were used to drive expression of GFP-tagged EGL-21 in the following classes of neurons: all neurons (snb-1 promoter, KP#867); in type A and B ventral cord motor neurons (acr-2 promoter, KP#680); in A and C ventral cord motor neurons (unc-4, KP#681); and in ventral cord interneurons ( glr-1 promoter, KP#703). Together the A, B, and C class motor neurons account for 45 of the 56 cholinergic motor neurons in the ventral cord.
egl-3 constructs KP#871 is a 10.5 kb genomic construct containing 4.2 kb of 5Ј and 2.3 kb of 3Ј-untranslated region, spanning nucleotides 10871-21418 of cosmid C26B6. Vectors driving the expression of the egl-3 PC2 genomic construct are as follows: KP#677 contains the acr-2 promoter; KP#509 contains the glr-1 promoter (Kass et al., 2001) ; KP#678 contains the unc-4 promoter. KP#454 contains a rescuing GFP-tagged egl-3 construct, in which GFP was fused in-frame at the C terminus of the 10.5 kb egl-3 genomic construct (Kass et al., 2001 ).
snb-1 synaptobrevin constructs
KP#704 encodes a GFP-tagged SNB-1, in which GFP was inserted at the N terminus (J. Dittman and J. Kaplan, unpublished observations), expressed by the acr-2 promoter. The nuIs93 strain carries an integrated version of the KP#704 transgene.
Analysis of behaviors and drug sensitivities
Acute sensitivities to aldicarb (1 mM; Chem Services) and levamisole (400 M; Sigma, St. Louis, MO) were determined as described previously . In brief, we assayed the time course of paralysis after exposure of a population of animals to these drugs. In each experiment, 20 -25 worms per genotype were placed on drug plates, and paralysis was assessed by prodding animals with a platinum wire every 10 min over a 2 hr period. Worms that did not respond were classified as paralyzed. In all cases, assays were performed by an experimenter unaware of the genotypes of the animals. Each experiment was repeated at least three times.
Antibodies, immunostaining, and GFP reporters
Anti-FMRFamide related peptide (FaRP) antibodies were provided by Chris Li (Boston University, Boston, MA). For FaRP immunofluorescence, animals were fixed and stained as described (Li and Chalfie, 1990) . Anti-GFP antibodies were prepared as described (Burbea et al., 2002) . Anti-EGL-3 PC2 antibodies were prepared as described (Kass et al., 2001) . Whole-mount immunofluorescence of fixed worms was done using Bouin's fixative, as described (Nonet et al., 1997) .
Microscopy
GFP-expressing animals were mounted on agarose pads and viewed on a Zeiss Axiovert microscope, using a Zeiss Planapo 63ϫ (numerical aperture 1.4) objective, as in Burbea et al. (2002) . Antibody-stained animals were placed directly on slides. Images were captured with a Hamamatsu ORCA digital camera. Digital images were processed to remove out of focus light and to give maximum intensity projections of a z series, using Metamorph 4.5 image processing software (Universal Imaging).
Results
The egl-21 gene encodes a CPE Mutations in egl-21 were isolated previously in a screen for egg laying-defective mutants (Trent et al., 1983) . Animals carrying egl-21 mutations were also defective for defecation and had uncoordinated locomotion. The spectrum of behavioral defects observed in egl-21 mutants was similar to that found in egl-3 PC2 mutants (Trent et al., 1983; Kass et al., 2001) . Therefore, we scanned the genome sequence in the egl-21 region for genes that play a role in neuropeptide processing or secretion. We found a gene (F01D4.4) that is predicted to encode a protein that is very similar to vertebrate CPE. We did several experiments to determine whether F01D4.4 and egl-21 correspond to the same gene. Transgenes containing the cosmid F01D4, or a 6.5 kb subclone spanning F01D4.4 (with or without a GFP tag), were able to rescue several of the phenotypic defects observed in egl-21 mutants (as detailed below; see Figs. 4 D, 5A) ( Table 1) . Next, we showed that both egl-21 alleles, n576 and n476, corresponded to mutations in F01D4.4 (Fig. 1 A) . The n576 allele altered a splice donor consensus in intron 3. The n476 allele corresponded to a 123 base pair deletion (comprising nucleotides 28029 -28151 in 
Fractions of animals paralyzed on 1 mM aldicarb after 70 and 110 min were measured as described in Materials and Methods. WT indicates wild-type animals. Values reported are means Ϯ SE. All egl-21 CPE transgenes used are GFP tagged. a comboϻegl-21 is a combination of glr-1, unc-4, and acr-2 promoted transgenes.
cosmid F01D4) that shifts the reading frame and is predicted to encode a truncated mutant protein lacking most of the catalytic domain. Therefore, the n476 allele is likely to produce a severe or complete loss of CPE activity. These results showed that the F01D4.4 gene corresponds to the egl-21 genetic locus. Hereafter, we refer to this gene as egl-21 CPE. The predicted egl-21 protein product, based on the sequence of egl-21 cDNAs, is 41% identical to human CPE ( Fig. 1 B) . Two residues that are known to be essential for CPE activity, S202 (Naggert et al., 1995; Fricker et al., 1996) and E300 (Qian et al., 1999) , are conserved in EGL-21 ( Fig. 1 B) . Mammalian CPEs are produced initially as precursors with a short pro region (14 -15 amino acids) that is cleaved, exposing the N terminus of mature CPE. Unlike human and rodent CPEs, EGL-21 does not appear to have a pro region with the predicted furin cleavage sequence (RRRRR), and it lacks the C-terminal membrane association domain (Fricker et al., 1990) (Fig. 1 B) . Like EGL-21, other CPEs also lack the furin cleavage sequence, including anglerfish and mollusc (Aplysia californica). The function of the pro region is unclear, because it is not required for folding (Manser et al., 1990; Varlamov and Fricker, 1996) , sorting , or enzymatic activity (Manser et al., 1990; Parkinson, 1990) .
unc-104 KIF1A is required for anterograde trafficking of dense-core vesicle precursors
The monomeric unc-104 KIF1A motor protein is required for anterograde movement of synaptic vesicle components in both C. elegans and mouse (Hall and Hedgecock, 1991; Yonekawa et al., 1998) . To determine whether unc-104 KIF1A also mediates anterograde transport of neuropeptide-containing vesicles, we compared the distribution of several dense-core vesicle components in unc-104 KIF1A mutants and wild-type animals. The distribution of egl-21 CPE was determined by immunostaining animals expressing a rescuing GFP-tagged EGL-21 with anti-GFP antibodies (Fig. 2 A-C) . Immunostaining in wild-type animals showed that EGL-21::GFP is expressed widely in the nervous system, with particularly strong expression in the neuronal processes of the nerve ring (Fig. 2 A) . EGL-21::GFP was not expressed in any non-neuronal tissues. The egl-3 PC2 was visualized by immunostaining with anti-EGL-3 antibodies (Fig. 2 D, E) . Ma- Figure 1 . Cloning of egl-21 CPE. A, Genomic structure of egl-21 CPE, including 5Ј and 3Ј regions used in the genomic rescuing construct. The numbered black boxes show exon positions confirmed by sequenced cDNA from RT-PCR. Sequence changes in egl-21 alleles are indicated by an arrow for the point mutation and a bar under the deletion. n576 is a splice donor mutation from G to A at nucleotide 2467 in intron 3. The n476 deletion results in a frame shift mutation in codon 121, leading to a predicted protein that is truncated at residue 132. The site of the GFP fusion is shown. B, Alignment of the amino acid sequences of EGL-21 (as predicted from cDNA sequence) with human (GenBank accession no. AAH33866.1) and mouse CPE (accession no. AAH10197) orthologs. Shaded regions indicate identity; boxed regions show similarity. The 14 amino acid proregion for mouse and human CPE is bracketed and labeled, as well as the C-terminal membrane association (memb assoc) domain. Ser202 and Glu300 are conserved residues known to be necessary for catalytic activity.
ture, fully processed FaRPs were immunostained with anti-ArgPhe-NH 2 antibodies (Fig. 3A-D) . In wild-type animals, egl-21 CPE (Fig. 2 A) , egl-3 PC2 (Fig. 2 D) , and FaRP (Fig. 3A) immunostaining were most concentrated in the nerve ring and other neuronal processes, whereas neuronal cell bodies had lower levels of expression. Immunostaining of egl-21 CPE (Fig. 2 B, C) , egl-3 PC2 (Fig. 2 E) , and FaRP (Fig. 3 B, D ) increased in neuronal cell bodies of unc-104 KIF1A mutants, whereas staining in axons was proportionately diminished. In addition, a broader expression pattern for all three of these antigens was observed in unc-104 KIF1A mutants compared with wild-type controls, because retention in the cell bodies enabled identification of previously undetected neurons. For example, in wild-type animals ( Fig.  3 A, C) , FaRP staining was observed in a total of 25-30 neurons (Schinkmann and Li, 1992) , whereas in unc-104 KIF1A mutants (Fig. 3 B, D) , FaRP staining was observed in ϳ82 neurons, including 39 Ϯ 4 neurons in the nerve ring ganglia, 33 Ϯ 3 motor neurons in the ventral cord, 8 Ϯ 1 neurons in the lumbar ganglion, and 2 in the pre-anal ganglion. We found similar increases in the numbers of egl-3 PC2-and egl-21 CPE-expressing neurons in unc-104 KIF1A mutants. In particular, egl-21 CPE immunostaining was found in ϳ100 cells in the head and several neurons in the tail ganglia (15 Ϯ 3) and pre-anal ganglion (7 Ϯ 1) and motor neurons of the ventral cord (38 Ϯ 4). We identified a subset of the egl-21 CPE-expressing cells, including the following: the mechanosensory neurons ALM, AVM, and PVM; the interneurons BDU, SDQ; and the HSN egg-laying motor neurons. For an unc-104 KIF1A cargo control, we tested localization of GFPtagged synaptobrevin (SNB-1), expressed in the motor neurons. As reported previously (Nonet, 1999) , we saw that GFP-SNB-1 in wild-type animals was expressed in a punctate synaptic pattern in the ventral cord (Fig. 3E ) and became concentrated in neuronal cell bodies of unc-104 KIF1A mutants (Fig. 3F ) . Examination of GFP-SNB-1 expression in egl-3 PC2 and egl-21 CPE mutants showed no alterations in cell numbers or axon morphologies of ventral cord motor neurons (data not shown). The unc-104 KIF1A-dependent localization of egl-21 CPE, egl-3 PC2, and FaRPs indicates that UNC-104 is the anterograde motor for dense-core vesicle precursors. Moreover, these results also demonstrate that a large fraction of C. elegans neurons are likely to produce neuropeptides.
FaRPs are substrates for processing by egl-3 PC2 and egl-21 CPE The unc-104 KIF1A-dependent trafficking of egl-21 CPE, egl-3 PC2, and FaRPs, combined with their similar expression patterns, suggested that FaRPs might be substrates of egl-21 CPEand egl-3 PC2. To determine whether egl-3 PC2 or egl-21 CPE mutants had decreased levels of processed FaRPs, we stained mutant animals with the anti-FaRP antibody. Because this antibody recognizes the C-terminal Arg-Phe-NH 2 moiety, only FaRPs that had been processed previously by proprotein convertases, carboxypeptidases, and amidating enzymes should be detected (Marder et al., 1987) . We found that FaRP immunostaining was decreased in many neurons in the nerve ring ganglia of egl-3 PC2 mutants (Fig. 4 B) . By contrast, FaRP immunostaining was nearly eliminated in egl-21 CPE mutants (Fig. 4C) , including ventral cord staining, compared with wild-type controls (Fig. 4 A) . Wildtype levels of FaRP staining were restored in both egl-3 PC2 and 
(RVG ) and lateral ganglion (LG) (RVG and LG in brackets). C, D, Staining in the ventral cord was predominant in neuronal processes for wild-type animals ( C) but localized to cell bodies of ventral cord motor neurons in unc-104 mutants (D, arrows). E, F, Distribution of GFP-tagged synaptobrevin expressed in ventral cord motor neurons (using the acr-2 promoter) in wild-type ( E ) and unc-104(e1265) KIF1A mutant animals ( F ).
Synaptobrevin is retained in the cell bodies of unc-104 KIF1A mutants ( F ), compared with wild-type controls ( E ). E, F, Arrowheads point to motor neuron cell bodies in the ventral cord. Scale bars, 10 m.
egl-21 CPE mutants by transgenes containing wild-type copies of these genes (Fig. 4 D, E) . When expression of egl-21 CPE was restored in a subset of cells (using the glr-1 promoter), FaRP staining was restored only in those cells expressing egl-21 CPE (Fig.  4 F) . Thus, egl-3 PC2 and egl-21 CPE activities were required to produce normal levels of FaRP staining, and egl-21 CPE is required in the FaRP-expressing cells. These results suggest that proFaRP precursors are processed by egl-3 PC2 and egl-21 CPE. In particular, it appears that loss of egl-21 CPE activity is likely to produce a severe decrease in the abundance of active endogenous FaRPs.
egl-21 CPE and egl-3 PC2 regulate acetylcholine release at neuromuscular junctions A shared phenotype of egl-21 CPE and egl-3 PC2 is sluggish locomotion and a tendency to adopt a coiled posture during locomotion. In C. elegans, acetylcholine is the primary excitatory transmitter at the body wall neuromuscular junction (NMJ). To determine whether the locomotion defects in egl-21 CPE and egl-3 PC2 mutants are associated with a change in synaptic transmission at the NMJ, we assayed steady-state release of acetylcholine at the NMJ by measuring the sensitivity of animals to the acetylcholinesterase inhibitor aldicarb (Fig. 5A-C) . Aldicarb enhances the effects of endogenously released acetylcholine by preventing acetylcholine breakdown, resulting in hypercontraction of body wall muscle and eventual paralysis in wild-type animals. Resistance to aldicarb (measured as delayed aldicarb-induced paralysis) is exhibited by mutants with defects in synaptic vesicle exocytosis and recycling (Nonet et al., 1993; Nguyen et al., 1995; Miller et al., 1996) , as well as in mutants that are defective for modulation of acetylcholine release, e.g., egl-30 G␣q and egl-8 PLC␤ (Miller et al., 1996; Lackner et al., 1999; Miller et al., 1999) . We expected that neuropeptides might fit in this second class, having a modulatory role in synaptic transmission. We found that loss of function mutations in egl-21 CPE and egl-3 PC2 produced resistance to aldicarb (Fig. 5A,B , Table 1 ), suggesting that these mutants had decreased basal release of acetylcholine. Moreover, egl-21;egl-3 double mutants were more resistant than either single mutant (Fig. 5C) . Expression of egl-21 CPE and egl-3 PC2 transgenes restored wild-type aldicarb sensitivity to egl-21 and egl-3 mutants, respectively (Fig. 5A,B) . Rescue of the aldicarb sensitivity was obtained with transgenes containing the endogenous egl-21 or egl-3 promoters or using the sub-1 promoter, which has a pan-neuronal expression pattern. These results suggest that egl-21 CPE and egl-3 PC2 act in neurons to process endogenous neuropeptides that stimulate acetylcholine release at NMJs.
An alternative explanation for the aldicarb resistance observed in these mutants is that body wall muscles are less sensitive to acetylcholine. To test this possibility, we examined the sensitivity of egl-21 CPE and egl-3 PC2 animals to levamisole, a nicotinic acetylcholine receptor agonist that directly activates the body muscle (Fig. 5D) . We determined that loss of egl-21 CPE had no effect on sensitivity to levamisole and that loss of egl-3 PC2 actually increased sensitivity. In contrast, animals lacking the unc-29 nicotinic acetylcholine receptor were resistant to levamisole paralysis. These results indicate that neuropeptides stimulate the release of acetylcholine from the motor neurons, and loss of neuropeptide processing in egl-21 CPE and egl-3 PC2 mutant animals results in a decrease in steady-state acetylcholine release.
We next considered likely sites at which neuropeptides could be processed and released to facilitate acetylcholine release. Because egl-21 CPE and egl-3 PC2 were both expressed broadly in the nervous system (Fig. 2 B-D) (Kass et al., 2001) , we engineered vectors driving expression of these enzymes using several different promoters. The motor neurons were a likely site of neuropeptide processing and release, because this would directly affect the NMJ. Alternatively, interneurons, particularly the command neurons, which drive locomotion, could be the main site of neuropeptide processing. However, expression in a large number of the motor neurons (with the acr-2 or unc-4 promoters) or in the ventral cord interneurons (with the glr-1 promoter) failed to rescue the aldicarb sensitivity of egl-21 CPE and egl-3 PC2 mutants (Table 1 ) (data not shown). Furthermore, transgenes containing a combination of the above promoters also failed to rescue the aldicarb sensitivity of mutant animals (Table 1) . Because the unc-4 and acr-2 promoters are expressed in a large fraction (45 of 56) of ventral cord motor neurons, these results suggest that expression of egl-21 CPE and egl-3 PC2 in interneurons and motor neurons is not sufficient to facilitate acetylcholine release.
Discussion
Our results lead to four primary conclusions. First, the egl-21 gene encodes a protein that is very similar to vertebrate CPE. The egl-21 CPE is expressed in 60% of the nervous system, including interneurons, motor neurons, and sensory neurons. EGL-3, the C. elegans PC2 ortholog, is also broadly expressed in the nervous system (Kass et al., 2001) . Taken together, these results suggest that a large fraction of the neurons in C. elegans use peptide neurotransmitters, which is consistent with the range of behavioral defects observed in mutants lacking these enzymes. Second, unc-104 KIF1A is required for anterograde transport of densecore vesicle components. Third, FaRPs are processed by egl-3 PC2 and egl-21 CPE. Fourth, egl-3 PC2-and egl-21 CPEprocessed peptides facilitate acetylcholine release from ventral cord NMJs.
Neuropeptides constitute a large, chemically diverse set of neurotransmitters proposed to play varied roles in physiology and behavior. Several factors have limited the analysis of neuropeptide functions. The vast number of neuropeptides limits the ability to systematically examine the functions of each peptide. For example, the C. elegans genome encodes 32 neuropeptidelike (nlp) genes, 23 FaRP ( flp) genes, and 40 insulin-like (ins) genes (Duret et al., 1998; Gregoire et al., 1998; Li et al., 1999b; Kawano et al., 2000; Pierce et al., 2001 ). This could be an underestimate, because small genes are often missed by gene-predicting algorithms. Furthermore, each proneuropeptide gene encodes multiple peptides. Mutations in neuropeptide genes are rare. Finally, neuropeptides often have redundant functions. For example, seven different FaRPs have nearly identical effects on the Drosophila larval NMJ (Hewes et al., 1998) . Thus, the observed phenotypes of a mutant lacking a single neuropeptide may underestimate the true range of its physiological functions.
Our results suggest that characterizing mutants lacking particular proneuropeptide processing enzymes is an effective alternative strategy to analyze the physiological effects of neuropeptides. We have shown that mutants lacking either egl-3 PC2 (Kass et al., 2001) or egl-21 CPE have discrete behavioral defects that can be ascribed to changes in specific neural circuits. In the case of egl-3 PC2, mutants have changes in sensitivity to mechanosensory stimuli, whereas both egl-3 PC2 and egl-21 CPE have diminished acetylcholine release at ventral cord NMJs. We estimate that candidate substrates processed by egl-3 PC2 and egl-21 CPE could include ϳ200 unique neuropeptides, encoded by flp, nlp, and two ins genes (ins-1 and ins-18) . Candidate substrates were identified by the presence of single and dibasic cleavage sites within predicted flp, nlp, and ins genes. This may be an underestimate, because proprotein convertases have also been proposed to act at nonbasic cleavage sites (Che et al., 2001) . Efforts to identify all of the neuropeptide-encoding genes in C. elegans and the expression pattern of each will provide useful information for identifying candidate neuropeptides that are responsible for the phenotypes observed in egl-21 CPE and egl-3 PC2 mutants (Li et al., 1999a,b; Nathoo et al., 2001) . A similar strategy has also been used in Drosophila. Mutations in the Drosophila PC2 (amontillado) and neuropeptide amidating enzyme (PHM ) have been isolated (Siekhaus and Fuller, 1999; Jiang et al., 2000) ; however, in these cases, the homozygous mutants have an embryonic lethal phenotype. Recent work suggests that specific behavioral defects can be found when PHM expression is restored in a restricted subset of neurons with the gal4/UAS system (Taghert et al., 2001) .
Processing by egl-3 PC2 and egl-21 CPE is required for producing biologically active neuropeptides and hormones that modulate several different neuronal circuits, indicated by the behavioral defects observed in mutants lacking these enzymes. In addition to egl-3 PC2, three other proprotein convertases are present in the C. elegans genome: kpc-1, bli-4/kpc-4, and aex-5/ Figure5. Theegl-21CPEandegl-3PC2mutantshavedecreasedsteady-stateacetylcholinerelease at ventral cord NMJs. Steady-state release of acetylcholine from ventral cord NMJs was assayed by measuring the time course of paralysis induced by aldicarb, as described in Materials and Methods. A, The egl-21 CPE mutant was resistant to aldicarb (indicated by the delayed paralysis). The aldicarb resistance was rescued with a transgene driving the expression of GFP-tagged EGL-21 in all neurons (using the snb-1 promoter) . B, The egl-3 PC2 mutant was resistant to aldicarb, and the aldicarb resistance was rescued with the egl-3 PC2 genomic construct. C, The egl-21 CPE;egl-3 PC2 double mutant was more aldicarb resistant than either single mutant. Aldicarb resistance could reflect a decrease in releaseofacetylcholinebymotorneuronsoradecreaseinmuscleresponsiveness.Musclesensitivityto acetylcholine was determined by measuring the time course of paralysis induced by levamisole, an acetylcholine receptor agonist. D, egl-3 PC2 is hypersensitive to levamisole, whereas egl-21 CPE has normal levamisole sensitivity. Control animals lacking the unc-29 nicotinic acetylcholine receptor were resistant to levamisole paralysis. The levamisole sensitivity of egl-21 CPE and egl-3 PC2 mutants indicates that the aldicarb resistance phenotype (A, B) is caused by decreased acetylcholine release from motor neurons.
kpc-3 (Thacker and Rose, 2000) . The bli-4/kpc-4 proprotein convertase has been shown to processes cuticular procollagens, and its expression pattern includes hypodermal tissue (Peters et al., 1991; Thacker et al., 1995) . The aex-5/kpc-3 proprotein convertase is predicted to be expressed only in muscle because it lies in the unc-54 muscle myosin operon (Thacker and Rose, 2000) . Thus, kpc-1 is the most likely candidate to have some degree of functional overlap with egl-3 PC2, because a deletion was reported to have slightly uncoordinated locomotion, although its expression pattern has not been reported (Thacker and Rose, 2000) . In addition to egl-21 CPE, two other predicted genes have significant similarity to carboxypeptidases; however, no mutants have been identified. The specific isoforms of the enzymes that process each neuropeptide are likely determined by the distinct expression patterns of the isoforms and by their substrate specificities. Moreover, it is also possible that different combinations of enzymes are used to process different neuropeptides. Some of our results are consistent with this idea. The egl-21 CPE;egl-3 PC2 double mutant had a more severe phenotype than either single mutant, suggesting that these enzymes are used in a combinatorial manner. For example, egl-3 PC2 and egl-21 CPE could be required for processing FaRPs in one set of neurons, whereas another proprotein convertase together with egl-21 CPE processes FaRPs in a distinct set of neurons. Thus, the egl-3 PC2; egl-21 CPE double mutant would be predicted to have more severe defects than either single mutant.
Although egl-21 CPE may process multiple classes of proneuropeptides and other proproteins, it seems likely that lack of FaRP processing accounts for some of the behavioral defects seen in egl-3 PC2 and egl-21 CPE mutants. Our results demonstrate that egl-21 CPE mutants had significantly reduced levels of mature FaRPs. FaRPs have diverse physiological functions in both the CNS and the PNS throughout the animal kingdom (Raffa, 1988) . Drosophila FaRPs enhance nerve-stimulated muscle contraction in a manner that is consistent with our findings (Hewes et al., 1998) . The physiological effects of a few C. elegans FaRPs have been tested in either C. elegans or Ascaris suum, a larger parasitic nematode (Maule et al., 1995; Marks et al., 1997 Marks et al., , 1998 Marks et al., , 1999 Marks et al., , 2001 Rogers et al., 2001) . To date, nematode FaRPs have been identified with inhibitory or excitatory effects on muscle contraction. In some cases, these effects are mediated by direct action on muscles, whereas in others the effects are dependent on synaptic input. Nonetheless, we expect that lack of other classes of neuropeptides also contributes to the phenotypes of egl-3 PC2 and egl-21 CPE.
Interestingly, egl-3 PC2 mutants had increased sensitivity to the acetylcholine agonist levamisole. We have seen a similar degree of levamisole hypersensitivity in some, but not all, aldicarb resistant mutants (Sieburth and Kaplan, unpublished observations). The increased responsiveness to levamisole could reflect a compensatory mechanism whereby muscle cells compensate for decreased acetylcholine secretion by increasing their responsiveness to acetylcholine. Further experiments will be required to determine the mechanisms underlying this effect.
What is the mechanism by which neuropeptides regulate the NMJ? Invertebrate studies have provided examples in which neuromodulators can exert both presynaptic and postsynaptic effects. Loss of Drosophila calcium-activated protein for secretion (CAPS), a protein that has been proposed to promote priming of dense-core vesicles (Tandon et al., 1998) , was reported to result in an accumulation of dense-core vesicles and a 50% decrease in evoked glutamate release at NMJs (Renden et al., 2001) . aex-1, a novel C. elegans protein expressed in muscle, appears to regulate a retrograde signal at the NMJ to stimulate synaptic vesicle release from neurons (Doi and Iwasaki, 2002) . In our case, the failure to produce mature egl-21 CPE-and egl-3 PC2-processed peptides resulted in decreased acetylcholine secretion by ventral cord motor neurons, and this defect could be rescued by transgenes driving expression only in neurons. There are two mechanisms by which this could occur. We favor a straightforward model in which neuropeptides directly modulate acetylcholine release from motor neurons. However, our results do not exclude more complicated models in which neuropeptides act elsewhere to indirectly regulate acetylcholine release from motor neurons. In either case, our results show that neuropeptide processing is required in neurons. Finally, our results do not exclude the possibility that changes in acetylcholine release in these mutants are caused by failure to process non-neuropeptide substrates. Further experiments are needed to distinguish between these possibilities, including identification of relevant neuropeptides or hormones and the expression pattern of their receptors.
A search of the genome identified ϳ130 genes encoding potential neuropeptide receptors (Bargmann, 1998; Nathoo et al., 2001) , of which mutations have been isolated in one gene, npr-1, which encodes a receptor related to neuropeptide Y receptors (de Bono and Bargmann, 1998) . On the other hand, knock-out mutations have been isolated in all 18 genes encoding heterotrimeric GTP-binding protein ␣-subunits (Mendel et al., 1995; Segalat et al., 1995; Brundage et al., 1996; Korswagen et al., 1997; Roayaie et al., 1998; Jansen et al., 1999) , in two adenylyl cyclase genes (Berger et al., 1998; Korswagen et al., 1998; Moorman and Plasterk, 2002) , and in one phospholipase C␤ gene (Lackner et al., 1999; Miller et al., 1999) . We anticipate that further studies in C. elegans will be a productive strategy to define the behavioral impact of neuropeptides and to identify the downstream second messengers mediating these effects.
